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The role of the microtubule-associated P10 protein of baculoviruses is not yet understood. P10 has previously been linked with the formation
of a number of cytoskeletal-like or cytoskeleton-associated structures in the nucleus and cytoplasm, thought to be involved in the morphogenesis
of virus polyhedral occlusion bodies. The formation of these structures was studied by immunofluorescence laser scanning confocal microscopy in
TN368 cells, a model system amenable to the study of virus interaction with the host cell cytoskeleton. We show that the Autographa californica
nucleopolyhedrovirus P10 protein forms two distinct cytoskeletal-like structures, microtubule-associated filaments and perinuclear tubular
aggregates. P10 also associates with polyhedral occlusion bodies. Depolymerisation of the microtubule network with colchicine prevents
formation of P10 filaments but not of P10 tubules. Colchicine treatment enhances the association of P10 with occlusion bodies. Transient
expression of P10 showed that both filaments and tubules can form in the absence of other viral proteins. We postulate a number of possible roles
of the P10 protein during virus infection and morphogenesis.
© 2007 Elsevier Inc. All rights reserved.Keywords: Baculovirus; Autographa californica nucleopolyhedrovirus (AcNPV); P10; Microtubule; Cytoskeleton; Polyhedral occlusion bodies; Confocal laser
scanning microscopy; Perinuclear; ColchicineIntroduction
As with many other viruses (reviewed in Radtke et al., 2006),
the Baculoviridae family of insect specific DNA viruses have
evolved processes that take advantage of the host cell cyto-
skeletal network. Most studies on the baculovirus–host cyto-
skeleton interaction have focused on the infection-induced
reorganisation of the actin network and the role that f-actin andAbbreviations: AcNPV, Autographa californica nucleopolyhedrovirus; BV,
budded virion; DIC, differential interference contrast; EYFP, enhanced yellow
fluorescent protein; FB, fibrous body; GV, granulovirus; HearNPV, Helicoverpa
armigera nucleopolyhedrovirus; hpi, hours post infection; MAP, microtubule-
associated protein; MT, microtubule; NPV, nucleopolyhedrovirus; OB,
occlusion body; OpNPV, Orgyia psuedotsugata nucleopolyhedrovirus.
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doi:10.1016/j.virol.2007.09.043its nuclear localisation plays in the replication and spread of
Autographa californica nucleopolyhedrovirus (AcNPV), the
prototype member of the Alphabaculoviruses (lepidopteran-
specific nucleopolyhedroviruses (NPV), Jehle et al., 2006a;
Goley et al., 2006).
The interaction of baculoviruses with the microtubule (MT)
network is less well documented although it has been implicated
in the intracellular transportation of virions. Electron micro-
scopy (EM) studies of infected cells have shown virions co-
aligning with MTs at early times after infection (Granados,
1978; Granados and Lawler, 1981). Volkman and Zaal (1990)
showed that intact MTs were not required for efficient infection,
as MT depolymerising drugs did not affect the production of
budded virus or nuclear occlusion bodies. Stabilisation of MTs
with taxol, on the other hand, retarded production of budded
virions (BV). They also showed that infection of cells with
AcNPV causes reorganisation of the MT network in response
to early gene expression and almost complete depolymerisation
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mammalian cells, however, have shown that disrupting the
MT network causes an increase in the rate of migration of
virions to the nucleus (Salminen et al., 2005), suggesting that
MTs may mediate the anterograde movement of virions to the
cell surface.
The AcNPV P10 protein (reviewed in Van Oers and Vlak,
1997) has been shown to interact directly with α-tubulin
(Patmanidi et al., 2003). The p10 gene is one of two baculovirus
genes hyperexpressed very late (12–15 h post infection (hpi)
onwards) in infection (Rohel et al., 1983; Smith et al., 1983).
The other is the polyhedrin gene product, whose role in infec-
tion as the main component of the polyhedral occlusion bodies
(OB) that package virions and protect them from environmental
damage during horizontal transmission is well understood
(Rohrmann, 1986). However, the function of P10 in baculovirus
infection is still not known.
There is conflicting evidence regarding the role P10 plays
in the formation of the envelope that wraps around the OBs
(Vlak et al., 1988; Williams et al., 1989). P10 is also thought
to mediate nuclear disintegration late in infection as disruption
of the p10 gene was shown to prevent OB release (Williams
et al., 1989) but not the lysis of the host cell (Van Oers et al.,
1993). It is generally accepted that P10 is nonessential for
virus infection, replication and spread both in cell culture and
in vivo in caterpillar hosts (Vlak et al., 1988). The role of the
P10–MT interaction in infection is unknown. The P10 protein
is not the mediator of MT reorganisation or depolymerisation
but has been seen associated with thick MT remnants sug-
gesting it may crosslink MT bundles (Volkman and Zaal,
1990). Similar filament structures were observed when AcNPV
P10 was transiently expressed in mammalian cells (Alaoui-
Ismaili and Richardson, 1998) or insect cells (Dong et al.,
2007), or when the p10 homologue from Helicoverpa armi-
gera nucleopolyhedrovirus (HearNPV) (Dong et al., 2005) and
a P10 orthologue (called FALPE) from insect poxviruses were
expressed in insect cells (Alaoui-Ismaili and Richardson,
1998).
Immunofluorescence studies on the p10 homologue of Or-
gyia psuedotsugata nucleopolyhedrovirus (OpNPV), a virus
closely related to AcNPV, demonstrated that P10 formed cyto-
plasmic filaments that matured into a continuous network of
thick rod-shaped structures by 36 hpi (Quant-Russell et al.,
1987). Several antibodies raised to this p10 homologue also
recognised an MT-associated protein (MAP) in uninfected in-
sect and mammalian cells, suggesting that P10 may share
structural similarities to a MAP. Immunogold-labelling EM
studies associated P10 expression with the formation of large
fibrous bodies (FB) in the cytoplasm and nucleus very late in
infection (Van der Wilk et al., 1987; Van Oers et al., 1994).
These FBs were intimately associated with structures, called
electron dense spacers, thought to be the precursor of the poly-
hedral envelope (Van Oers et al., 1994; Williams et al., 1989),
and historically the FBs have been thought to be the main
P10-associated virus structures.
In this study we use immunofluorescence laser scanning
confocal microscopy to show that AcNPV P10 forms two verydistinct cytoskeletal-like structures during infection that dom-
inate the host cell by 48 hpi, and that similar structures form
when P10 is transiently expressed in insect cells. One of these
structures showed similarities to the filaments historically des-
cribed by immunofluorescence studies of P10 and demonstrated
an intimate association with the cellular MT network. We have
also analysed in detail the structure and localisation of a second
P10-associated structure that forms an unusual cytoplasmic
tubular network and suggested the role it may play during
virus infection. We also show a previously undocumented inti-
mate association of P10 with polyhedral OBs very late in the
infection.
Results
Bioinformatic studies of baculovirus P10 sequences
Homologues of the AcNPV p10 gene have been identified in
all Alphabaculovirus genomes sequenced to date and in two
Betabaculoviruses (lepidopteran-specific granuloviruses (GV)
(Jehle et al., 2006a)). None of the four currently sequenced non-
lepidopteran baculoviruses, including the three Gammabaculo-
viruses (hymenopteran-specific NPVs); Neodiprion abietis
NPV (Duffy et al., 2006); Neodiprion lecontei NPV (Lauzon
et al., 2004); Neodiprion sertifer NPV (Garcia-Maruniak et al.,
2004); and the Deltabaculovirus (dipteran-specific NPVs) Cu-
lex nigripalpus NPV (Afonso et al., 2001), possess an iden-
tifiable p10 homologue. An orthologue has also been identified
in the Amsacta moorei entomopoxvirus, a poxvirus that infects
lepidopteran insects (Alaoui-Ismaili and Richardson, 1998),
suggesting that P10 and its orthologues play an important role
either in the infection process or the transmission of viruses in
lepidopteran hosts.
The P10 proteins are small molecules, ranging in size from
77 amino acids in Lymantria dispar NPV (∼8.1 kDa predicted
Mr) to 108 amino acids in Leucania separata NPV (∼11.9 kDa
predicted Mr). The sequence homology of p10 homologues is
low when compared to the polyhedrin/granulin homologues of
the same viruses, however, they show a high degree of structural
homology (Van Oers and Vlak, 1997). All p10 genes encode an
N-terminal coiled-coil domain that encompasses about a third of
the protein. The rest of the protein consists of a proline-rich
region and a C-terminal positively charged basic region sepa-
rated by a region highly variable both in length and sequence
(Van Oers and Vlak, 1997).
All available P10 amino acid sequences, including all the
Alphabaculovirus sequences and two Betabaculovirus se-
quences, were analysed by multiple sequence alignment to
determine their phylogenic relationship and to identify any
highly conserved motifs (see Table 1 for a list of P10 sequences
and their NCBI accession numbers). Phylogenic analysis of the
p10 homologues revealed that the sequences clustered into two
distinct groups (Fig. 1A). These appear to correspond with the
type I and type II evolutionary subdivisions of the Alpha-
baculoviruses previously described (Herniou et al., 2004;
Jehle et al., 2006b). There was no single region that displayed a
high degree of homology across all the P10 sequences other
Table 1
Baculovirus P10 homologue sequence information
Virus Abbreviation Accession number a Region b
Adoxophyes honmai nucleopolyhedrovirus AhNPV NC_004690 29115–29393
Agrotis segetum nucleopolyhedrovirus AgseNPVA NC_007921 135601–135864
Antherea pernyi nucleopolyhedrovirus ApNPV NC_008035 19982–19719
Anticarsia gemmatalis nucleopolyhedrovirus AgNPV NC_008520 111984–112265
Autographa californica nucleopolyhedrovirus AcNPV NC_001623 118839–119123
AcNPV Kuzio M10023
Bombyx mori nucleopolyhedrovirus BmNPV NC_001962 108497–108709
BmNPV K1 AF247681
Buzura suppressaria nucleopolyhedrovirus BusuNPV AF034410
Choristoneura fumiferana DEF nucleopolyhedrovirus CfDEFNPV NC_005137 111120–111389
Choristoneura fumiferana granulovirus CfGV AY052388 2361–2675
Choristoneura fumiferana M nucleopolyhedrovirus CfNPV NC_004778 110500–110745
Chrysodeixis chalcites nucleopolyhedrovirus ChchNPV NC_007151 21257–20991
Clanis bilineata nucleopolyhedrovirus ClbiNPV NC_008293 23925–24236
Ectropis obliqua nucleopolyhedrovirus EcobNPV NC_008586 21308–21571
Epiphyas postvittana nucleopolyhedrovirus EppoNPV NC_003083 101008–101265
Helicoverpa armigera nucleopolyhedrovirus HearNPV NC_003094 18607–18344
Helicoverpa armigera nucleopolyhedrovirus G4 HearNPV G4 NC_002654 18591–18328
Helicoverpa zea S nucleopolyhedrovirus HzNPV NC_003349 18577–18314
Hyphantria cunea nucleopolyhedrovirus HycuNPV NC_007767 22036–21770
Leucania separata nucleopolyhedrovirus LeseNPV NC_008348 22605–22931
Lymantria dispar nucleopolyhedrovirus LdNPV NC_001973 39809–40042
Mamestra configurata nucleopolyhedrovirus A MacoNPVA NC_003529 143821–144078
Mamestra configurata nucleopolyhedrovirus B MacoNPV B NC_004117 147232–147483
Orgyia pseudotsugata M nucleopolyhedrovirus OpNPV NC_001875 112280–112558
Perina nuda nucleopolyhedrovirus PenuNPV PNU50411
Plutella xylostella M nucleopolyhedrovirus PxNPV NC_008349 119348–119632
Rachiplusia ou M nucleopolyhedrovirus RoNPV NC_004323 116567–116851
Spodoptera exigua nucleopolyhedrovirus SeNPV NC_002169 123703–124078
Spodoptera litura nucleopolyhedrovirus SpliNPV NC_003102 18439–18756
Trichoplusia ni S nucleopolyhedrovirus TnNPV NC_007383 19650–19375
Xestia c-nigrum granulovirus XcnGV NC_002331 3461–38715
a All accession numbers refer to the fully sequenced baculovirus genomes except those that do not have an entry in the region column.
b Numbers indicate nucleotide position of the P10 homologue within the genome sequence.
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coil domain (Van Oers and Vlak, 1997). Separate analysis of
type I and type II P10 sequences however revealed that the
13–14 N-terminal amino acids are highly conserved within
each group (Fig. 1B). In type II sequences this N-terminal
region is almost completely conserved. Type I P10 sequences
(including AcNPV and OpNPV) are defined by the N-terminal
amino acid sequence MSKP(N/S)(V/I)L(T/Q)QIL(D/E/T)AV
and type II (including HearNPV) by M(A)SQNILL(V/L)
IRXDI. Using these criteria the Betabaculovirus Christoneura
fumiferana GV P10 sequence groups with type I, and Xestia
c-nigrum GV with type II.
Temporal analysis of P10 structure formation
The p10 gene is one of two baculovirus genes characterised
as a very late gene. In AcNPVexpression of p10 can be detected
from 12 hpi up to 99 hpi (Smith et al., 1983). The temporal
distribution of P10 localisation and formation of P10-associated
structures was studied in an infection time course of AcNPV-
infected TN368 cells (Fig. 2). Immunofluorescence with an
antibody specific to AcNPV P10 previously described by
Patmanidi et al. (2003) showed that P10 associates with anumber of different structures during AcNPV infection. To
investigate the relationship of these structures with the MT
network infected cells were also stained with an antibody to the
MT α-tubulin subunit.
P10 expression was undetectable by immunofluorescence
confocal microscopy until 18 hpi. Reorganisation of the MT
network was evident before this at 6 hpi (data not shown) and
12 hpi (Fig. 2ii) characterised by redistribution and shortening
of MT filaments. Filamentous P10 structures were detected
from 18 hpi onwards (Fig. 2iii). These filaments projected
throughout the cytoplasm of infected cells. At 18 hpi, 24 hpi
and 30 hpi (Figs. 2iii, iv and v) these filaments were often
associated with cellular projections. The P10-associated pro-
jections could be clearly seen in an apical focal plane
(Fig. 2iv). From 30 hpi onwards cells could be seen with
extensive networks of cytoplasmic P10 filaments. These cells
formed the majority of infected cells at 36 hpi and 48 hpi
(Figs. 2vi and vii). A defining characteristic of these filaments
was that they appeared to co-align with α-tubulin-associated
MT structures.
From 30 hpi onwards P10 was also associated with thick
rod-like structures that appeared to form near to the nucleus
(Fig. 2v arrow). By 36 hpi these had matured into tubular rings
Fig. 1. P10 bioinformatics. (A) Bootstrapped neighbour-joining phylogram of all available P10 sequences showing their grouping into two distinct groups. Bootstrap
values were calculated from 1000 iterations. (B) Alignment of the highly conserved type I and Type II N-terminal amino acid sequences of baculovirus P10 (see
Table 1 for full virus names and sequence details). ⁎The pubmed gene sequence database contains several entries for the BmNPV P10 sequence reflecting a variety
among BmNPV strains. A number of these display C terminal deletions. Two BmNPV sequences were included in this analysis. BmNPV K1 was selected as the most
representative member of the full-length P10 sequences. Truncated sequence data can sometimes affect the calculation involved in sequence alignment. No truncated
P10 sequences were therefore used. Instead BmNPV⁎ represents a composite generated from the truncated sequence found in the submitted BmNPV complete genome
and the consensus C-terminal sequence of all BmNPV strains. See the relevant Materials and methods section for details.
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of cells showed low level association of P10 with spherical
structures in the nucleus (Fig. 2vii). This association with what
was believed to be the virus polyhedral OBs became more
pronounced by 64 hpi (Fig. 2viii).Fig. 2. Temporal analysis of P10 structure formation. Time course confocal microscop
and P10 (green). Cells were fixed at (ii) 12 hpi, (iii) 18 hpi, (iv) 24 hpi, (v) 30 hpi, (vi)
image shows a single confocal plane. The 24 hpi panel (iv) shows an apical plane to e
the 30 hpi panel (v) denotes the formation of the non-MT-associated tubular precursDetailed analysis of P10-associated structures
Detailed analysis, by 3D reconstruction of confocal Z stack
data sets, of cells infected with AcNPV at 48 hpi showed a
complex array of P10-associated structures (Fig. 3B). They of TN368 cells infected with AcNPV (MOI 5) stained for α-tubulin (red, MT)
36 hpi, (vii) 48 hpi and (viii) 64 hpi. Mock-infected cells are also shown (i). Each
mphasis the association of P10 filaments with cellular projections. The arrow in
or of the perinuclear P10 tubules. Scale bars represent 20 μm.
Fig. 3. AcNPV P10 structures in TN368 cells. Confocal microscopy of (A) uninfected TN368 cells and (B and C) TN368 cells infected with AcNPV (MOI 5 pfu/cell),
fixed 48 hpi and stained with antibodies against α-tubulin (red) and P10 (green). Panels A, Bi and C are 3D projections reconstructed from image Z stacks
encompassing the entire cell volume (see Supplemental data, video 1, for an animation of the Z series used for panel Bi). The insert in panel Bi is a 90° Y axis rotation
(side view) of the 3D reconstruction represented by panel Bi (see Supplemental data, video 2, for an animation of a full rotational view). Panel Bii is a detailed close-up
of a single confocal plane imaged at ∼2 μm from the base of the cell. P10 filament colocalised with thickened MTs (closed arrow). Panel Biii is a detailed close up 3D
projection of the nuclear region of the cell shown in panel Bi showing the perinuclear P10 tubule and was reconstructed from confocal slices imaged at ∼3 μm to
∼5.5 μm above the base of the cell. Faintly stained spherical (closed arrow) and worm-like structures (open arrow) were identified inside the nucleus. Scale bars
represent 20 μm in panels A, Bi and C and 5 μm in panels Bii and Biii.
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3Bii) and thick perinuclear tubules (Fig. 3Biii) were the main
P10-associated structures. P10 filaments always associated with
MTs (Fig. 3Bii) while the thicker P10 tubules did not colocalise
with MT structures, except at their periphery. It was noticeable
that the MTs with which P10 filaments associated (Fig. 3Bii
arrow) were more brightly stained and appeared to form thickerFig. 4. P10 localisation late in infection. Confocal microscopy of TN368 cells stained
identify the nuclear volume. Scale bars denote 20 μm. (A) Cell infected with AcNPV
stack series of confocal images (see Supplemental data, video 3). Panel ii shows a sin
Panel iii is an expanded view of the region denoted by the dashed line box in panel
P10 tubular structure is located outside the MT shell (see Supplemental data, video
AcNPV (i) or AcΔp10 (ii), fixed at 64 hpi. The panel includes the DIC (differential
bodies (arrows).structures than the MTs in uninfected cells (Fig. 3A) or MTs in
infected cells not associated with P10 (Fig. 3Bii). This confirms
the earlier immunofluorescence observations by Volkman and
Zaal (1990) which suggested P10 may be a MAP that crosslinks
MTs forming thickened MT bundles.
EM studies of P10 function have always focused on nuclear-
associated P10 structures. Our observations showed that almostfor α-tubulin (red, MT) and P10 (green). DNAwas stained with DAPI (blue) to
(MOI 5) and fixed at 48 hpi. Panel i is a 3D representation generated from a Z
gle confocal plane of the same cell taken at ∼8.96 μm above the base of the cell.
ii, showing the perinuclear MT shell (arrow) surrounding the nuclear DNA. The
4, for a full rotational view of the 3D reconstruction. (B) Cells infected with
interference contrast) microscopy image showing the OBs as highly refractive
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cytoplasm. P10 filaments were associated with the cytoplasmic
MT network while P10 tubules seemed to form around the
nucleus in a ring-like structure. P10 tubules also appeared to
branch from the main tubular ring structure to form an inter-
connected tubular network across the nucleus. These were best
visualised when the cells were viewed in an apical focal plane
(Supplemental data, video 1). When 3D reconstructions of
infected cells were viewed in profile (Fig. 3Bi insert), or as 3D
rotations about the y axis (Supplemental data, video 2), these
structures were seen to form a dome-shaped cage surrounding
the nucleus. Other branches project into the cytoplasm, often
associated with large cellular projections (Fig. 3C). P10-
associated FBs have previously been described as being both
nuclear and cytoplasmic (Van der Wilk et al., 1987). We
originally postulated that the P10 tubules formed just inside the
nuclear envelope and that the projections represent the
cytoplasmic P10. In uninfected TN368 cells the MT network
defines the shape of the cytoplasm. A second network of MTs
forms a shell around the nucleus. On close examination we
found that P10 tubules were always located outside the MT
scaffold surrounding the nucleus (Fig. 3Biii). This localisation
was confirmed when nuclear DNA was counterstained with
DAPI and found to always be located inside the P10 cages
separated by the nuclear MT scaffold (Fig. 4Aiii, arrow). We
therefore concluded that the P10 tubular structures form
cytoplasmic perinuclear cages.
The majority of infected cells appeared to possess either P10
filaments or P10 tubules or both at 48 hpi. A small percentage of
cells also showed some low-level staining of intranuclear sphe-
rical (Fig. 3Biii, closed arrow) and tubular structures (Fig. 3Biii
open arrow).
The spheres correspond to the OBs when viewed by standard
light microscopy (data not shown), suggesting that P10 may
become incorporated into the OBs. This supports earlier obser-
vations that P10 copurifies with OBs (Vlak et al., 1981) and
may cooperate with the polyhedral envelope protein in media-
ting formation of the polyhedral envelope (Gross et al., 1994).
The nuclear tubule structures resemble those described in
AcNPV-infected Sf9 cells (Patmanidi et al., 2003) and may
correspond to the P10-associated FBs observed by EM (Van
Oers et al., 1994). These structures were only rarely observed in
cells.
In TN368 cells P10 seems to associate strongly with OBs
very late in infection (Fig. 2viii). At 64 hpi most of the infectedFig. 5. The effect of colchicine treatment on P10 structures. The effect of colchicine
OB association. Cells were infected with AcNPV (MOI 5) and treated with colchicine
fixed at 48 hpi (i, ii and iii) or 64 hpi (iv) and stained for P10 andMTs by immunofluo
data sets taken by confocal microscopy showing the localisation of P10 (top panel,
visualised by TRITC-conjugated secondary antibodies). DIC images (bottom panel) a
depolymerisation induced by the colchicine treatment. Formation of P10 tubules (clo
MT colchicine treatment. Column iii shows a cell with incomplete MT depolymerisa
remnants (without P10 association) can be seen in uninfected cells identically treated
particular cell. Scale bars represent 20 μm. (B) Quantitative analysis of the effect of
confocal analysis in panel A above were analysed by immunofluorescence. For eac
scored for the presence of P10 association comparing cells treated with colchicine (C
groups of 50 OB+ve nuclei that show P10 association. Error bars represent the stand
approach).cells have rounded up and detached, making it difficult to image
these cells on coverslips by microscopy. Some aggregates of
OBs remain attached only because uninfected cells have grown
over them or are in the process of engulfing them (Fig. 4B).
These ‘naked’ nuclei are likely the remains of infected cells that
have lost all of their cytoplasm. The integrity of these nuclei
also appeared to be compromised as they have lost most of their
DNA (lack of DAPI staining in panels Bi and ii). The P10 cage
appears to have collapsed around the OBs and become strongly
associated with them (Fig. 4Bi). Similar aggregates of OBs
produced by a virus lacking the p10 gene still seem to clump
together in this way (Fig. 4Bii).
The effect of MT depolymerisation on P10-associated
structures
To analyse the reliance of P10 structures on the integrity of
the MT network, the MT depolymerising chemicals nocodazole
and colchicine were used. The effect of nocodazole treatment
was negligible and the TN368 cell MT network recovered
quickly. Colchicine, on the other hand, effectively depoly-
merised the MT network from 2 h post-treatment onwards at
concentrations of 3 μg/ml and above. These results were similar
to observations made by Volkman and Zaal (1990).
Based on our time course analysis we had determined that
filaments start to form at about 12 hpi, tubules start to form at
about 30 hpi and P10 starts associating with OBs between 48
and 64 hpi. To determine the effect of P10 on the formation of
and the stability of P10 structures we treated cells with
colchicine at three different time points post-AcNPV infection;
(a) before the formation of filaments (8 hpi), (b) after the
formation of filaments but before the formation of tubules
(24 hpi), and (c) after the formation of tubules (32 hpi).
Colchicine treatment at 8 hpi prevented the formation of
filaments. No P10 filaments were detected either at 24 hpi
(data not shown) or 48 hpi (Fig. 5A column i). Similar ob-
servations were made when cells were treated at 24 hpi, by
30 hpi most of the MTs had depolymerised and filaments were
rare (data not shown) and by 48 hpi filaments had become
completely undetectable. Some filaments were still seen at
48 hpi in cells treated very late (32 hpi) with colchicine (Fig.
5Aiii). These filaments colocalised with MT remnants. Similar
remnants were seen in mock-infected cells treated with col-
chicine at the same time suggesting that these are not P10
stabilised MT. It was obvious that filaments were only presenttreatment at different time points on the formation of P10 filaments, tubules and
at 8 hpi (column i), 24 hpi (column ii) and 32 hpi (columns iii and iv). Cells were
rescence as described in Materials and methods. (A) 3D reconstruction of Z stack
visualised by FITC-conjugated secondary antibodies) and MTs (middle panel,
re included to show the location of OBs. The middle panel shows the level of MT
sed arrows) and P10-associated OB bundles (open arrows) was not inhibited by
tion. The MT remnants colocalise with P10 filament-like structures. Similar MT
(data not shown) suggesting that this is due to a slow effect of colchicine on this
colchicine treatment on the association of P10 with OBs. The slides used for the
h sample shown in panel A equal numbers of OB+ve nuclei were counted and
+) and mock-treated cells (M). The graph represents the mean percentage of 6
ard error of the mean and P values were calculated by unpaired t-test (two-tailed
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to inhibit the formation of P10 tubular aggregates. At 48 hpi
P10 tubules were detected in cells treated with colchicine at
8 hpi (Fig. 5Ai), 24 hpi (Fig. 5Aii) and 32 hpi (Fig. 5Aiii).
Tubules were also detected at 64 hpi in cells treated at 32 hpi
(data not shown). Colchicine treatment disrupts P10 filaments
but not P10 tubules. These observations are summarised in
Table 2.During these studies we observed that there seemed to be a
greater abundance of OB bundles showing P10 association in
cells that had been treated with colchicine (Fig. 5A, open
arrows). This was especially noticeable at 64 hpi in cells treated
at 32 hpi (Fig. 5Aiv). These observations were confirmed by
quantitative analysis. For each sample shown in Fig. 5A, six
groups of 50 nuclei positive for the presence of OBs were
counted and scored for the presence or absence of P10
Table 2
The effect of MT depolymerisation by colchicine on P10 structures
1Colchicine
treatment (hpi)
2Sampling
time (hpi)
3Filaments 3Tubules 3P10+ve OBs
Mock Colch Mock Colch Mock Colch
8 24 + +/− − − − −
48 ++ − ++ + +/− +
24 30 ++ +/− + + − −
48 ++ − ++ + +/− +
32 48 ++ +/− ++ + +/− +/−
64 + − + + + ++
1Cells were treated with colchicine (3 μg/ml) at 8 h, 24 h and 32 h after being
infected with AcNPV (MOI 5).
2Cells were sampled at two different time points for each colchicine treatment.
Cells treated with colchicine at 8 hpi (before P10 filament formation) were
analysed at 24 hpi to check for P10 filament formation and at 48 hpi to check for
P10 tubule formation. Cells treated with colchicine at 24 hpi (after P10 filament
formation but before P10 tubule formation) were analysed at 30 hpi to monitor
breakdown of previously formed P10 filaments and at 48 hpi to monitor
formation of tubules. Cells treated at 32 hpi (after P10 filament and tubule
formation) were analysed at 48 hpi to monitor breakdown of previously formed
tubules and filaments and at 64 hpi to monitor the association of P10 with OBs.
3Cells treated with colchicine (colch) or mock treated were scored for the
presence (+) or absence (−) of P10 filaments, P10 tubules and OB bundles
showing P10 association.
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analysed for statistical significance (Fig. 5B). Samples showed
statistically significant differences in the percentage of OBs that
showed P10 association at 48 hpi after colchicine treatment at
8 hpi (Fig. 5Bi) and 24 hpi (Fig. 5Bii), but not when they had
been treated at 32 hpi (Fig. 5Biii). When infected colchicine-
treated cells were left up to 64 hpi the difference was again
significant (Fig. 5Biv). It is possible that at 48 hpi the treatment
(at 32 hpi) has not had enough time to affect the level of OB
production or maturation or the effect is still too low to be
detected. The extra time until the 64 hpi time point allows the
effect to become detectable. It therefore appears that depoly-
merising the MT network results in an increased association of
P10 with OBs.
Transiently expressed P10 forms cytoskeletal-like structures in
the absence of other viral proteins
P10 tubules often appear more intensely stained on their
surface than their interior. This suggests that other proteins may
associate with P10 to form these structures. To investigate
whether other viral proteins are required for the formation of
filaments or tubules, P10 was expressed in the absence of other
viral proteins in insect cells by transfection of the pXI-P10
plasmid expressing P10 under the control of an insect promoter,
into TN368 cells. Both MT-associated P10 filaments and
perinuclear tubules were observed in cells transfected with pXI-
P10 (Figs. 6Ai–iii). The P10 filaments and tubules seem to form
a continuous network (Fig. 6Ai, insert). On closer examination
both filaments (Fig. 6Aii) and tubules (Fig. 6Aiii) formed in the
cytoplasm (open arrows) and in the nucleus (closed arrows and
insert) of transfected cells. Unlike the cytoplasmic filaments
nuclear P10 filaments do not show an association with
microtubules.In the cytoplasm the MTs that colocalise with P10 filaments
display a thicker morphology than those that do not. Thickened
MTs were not detected in cells transfected with a control vector,
pXI, lacking the P10 orf (data not shown) or in cells transfected
with a vector, pXI-ST-EYFP, expressing a fluorescent marker
(Fig. 6B). These conclusions are based on observation of 100
cells (100 cells displaying fluorescence in the case of pXI-ST-
EYFP-transfected cells).
Based on these observations we concluded that P10 can form
both filaments and tubules without the requirement of other
viral proteins. As the AcNPV IE1 gene is co-expressed by all the
pXI plasmids to enhance expression levels of the Bombyx mori
actin promoter we cannot discount it as a potential cofactor in
P10 tubule and filament formation though this is unlikely. We
also concluded that P10 expression, on its own, is capable of
cross linking MTs to form thickened bundles.
Discussion
In the past many studies of AcNPV P10 have been
performed on two established cell lines (IPLB-SF-21 and its
clonal derivative sf9) isolated from ovarian tissue of the fall
armyworm Spodoptera frugiperda (Vaughn et al., 1977). These
small, round cells consist mainly of a nucleus surrounded by a
thin layer of cytoplasm with a very limited MT network. This
makes microscopic studies of cytoplasmic structures such as the
MT network difficult as during infection the cellular nucleus
swells squeezing the cytoplasmic contents into a thin layer at the
cell surface. The adherent cell line TN368, originally
established from the ovarian tissue of newly emerged Tricho-
plusia ni (Cabbage looper) virgin moths (Hink, 1970) has a
more fibroblast-like morphology than either of the Spodoptera
cell lines. TN368 cells have a large cytoplasmic volume
containing an extensive and complex MT network (Fig. 3A).
We suggest that due to their large cytoplasmic volume and
intricate cytoskeleton these AcNPV-permissive cells form a
good model in which to study the involvement of the
cytoskeleton in both cellular and viral processes. This
experimental model forms a good alternative to the well-
established mammalian (vaccinia virus) and plant cell models
used to study the cellular cytoskeleton, which is highly versatile
and relatively cheap and easy to manipulate. For this study we
took advantage of the properties of the TN368 cell line to
investigate the interaction of the host cell MT network with
structures formed by the AcNPV P10 protein by immunoflu-
orescence confocal microscopy.
The formation of P10-associated structures is known to
require an intact host MT network and AcNPV P10 has been
shown to interact directly with α-tubulin by yeast two-hybrid
and co-immunoprecipitation studies (Patmanidi et al., 2003).
Patmanidi et al. (2003) also studied this interaction by
immunofluorescence confocal microscopy in sf9 cells. Some
P10/α-tubulin colocalisation was observed but it was unclear
whether this was due to direct interaction between P10 and the
MT network or due to the limited cytoplasmic volume of sf9
cells forcing the two structures to occupy the same space.
Additionally the interaction was not complete as some P10
Fig. 6. Transient expression of P10 in the absence of other baculoviral proteins. 3D reconstructions by immunofluorescence confocal microscopy of TN368 cells
transfected with a plasmid expressing (A) the P10 protein (pXI-P10) in the absence of other viral proteins or (B) a plasmid expressing a yellow fluorescent protein
marker (pXI-ST-EYFP). Cells were fixed 48 h after transfection and stained for P10 (green) and α-tubulin (red) by immunofluorescence. Transiently expressed P10
forms both filaments and tubules (Ai). P10 filaments form both in the cytoplasm (open arrow Aii) and the nucleus (closed arrow and insert Aii). The cytoplasmic
filaments colocalise with thickened bundles of MTs. No α-tubulin staining colocalises with the nuclear filaments. Thickened MT bundles are absent from cells
transfected with pXI-ST-EYFP (B). P10 tubules also form both in the cytoplasm (open arrow Aiii) and nucleus (closed arrow Aiii). The tubules and filaments form a
continuous network (Ai insert). The inserts in panels Ai and Aii are 3D reconstructions of a subset of Z slices used for the original images and show the region indicated
by the dashed line box. Scale bars represent 20 μm.
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not colocalise with P10. It was also unclear whether the
structures not colocalising with MTs were intranuclear or just
appeared that way again due to the limited cytoplasmic space
causing them to press into the nucleus but still located outside
the nuclear envelope. To gain a better understanding of theinteraction of P10 with the MT network and localisation of
P10 structures we studied their formation in the larger TN368
cells.
P10 was observed to aggregate into two distinct structures
possessing very different properties. Thin filaments that
colocalise with thickened bundles of MTs form early after
288 D.C.J. Carpentier et al. / Virology 371 (2008) 278–291P10 is initially expressed. Transient expression of P10 in
TN368 cells also results in the formation of these MT bundle-
associated P10 filaments suggesting that no other viral
proteins are required for filament formation. MTs do not
form thick bundles in uninfected cells and in cells transfected
with a control plasmid lacking the p10 gene or a control
plasmid expressing a fluorescent tag, suggesting that P10
induces the formation of these MT bundles, possibly by
acting as a crosslinker. MT redistribution was observed long
before P10 was expressed supporting the observation that P10
is not the mediator of AcNPV-mediated cytoskeletal reorga-
nisation (Volkman and Zaal, 1990). Later in infection P10
aggregates around the nucleus forming thick tubular struc-
tures. These P10 tubules vary in size and thickness and
appear to branch, forming a network that surrounds the
nucleus and often projecting into the cytoplasm. Unlike the
filaments, P10 tubules do not colocalise with MTs. MT
bundles can often be seen lying next to the tubules but this
may be because they have been physically displaced by the
bulk of the P10 tubule. It is possible that the filaments are the
precursor to the tubules and P10 uses MTs as a scaffold to
form perinuclear tubules. The P10 tubules shown in this
article represent the most elegant forms observed in TN368
cells. P10 tubular structures range from these intricate cages
to amorphous aggregates surrounding the nucleus. Often
smaller aggregates were seen in the cytoplasm lying near to
P10 filaments or forming toroidal donut-shaped structures.
Transiently expressed P10 also forms these tubular aggregates
suggesting that no other viral proteins are involved in their
formation. Over the years a number of different P10-
associated structures have previously been described in the
literature. This is the first time two distinct P10-associated
structures showing different structural and localisation
properties have been described in detail.
There is a dramatic change in P10 localisation upon release
of polyhedra from infected cells. At 64 hpi we observed what
we called ‘naked nuclei’, consisting of aggregates of OBs,
which showed a high level of P10 association. The nuclear
envelope of these naked nuclei appears to be disrupted as
indicated by the loss of nuclear DNA, and the P10 cage has
collapsed around the OBs. This supports earlier observations
that P10 and OBs copurified (Vlak et al., 1981) and showed an
intimate interaction in EM micrographs (Vlak et al., 1988).
Similar naked nuclei OB aggregates were also observed in
infections with a virus lacking the P10 protein suggesting that
P10 may not be the main component of the substance holding
polyhedra together in bundles, but it may interact with
components that are involved.
We often observed that the P10 tubules and filaments formed
a continuous network (Fig. 5Aiii and Fig. 6Ai). This, along with
the time course of P10 structure formation, suggests that the
filaments function as the precursors for the formation of the
tubular network. We observed that cells with extensive MT
networks often formed more intricate tubular networks than
those that had less organised MT networks. The filament
network may form a nucleation site for the aggregation of P10
into tubular aggregates. The observation that depolymerisingMTs prevents formation of filaments but not of tubules seems to
contradict this statement. It is possible that P10 filaments do
nucleate but are not critical for P10 aggregation into more
complex tubular structures. The amino-terminal coiled-coil
domain has previously been shown to be essential and sufficient
for the formation of P10 aggregates (Dong et al., 2007) and is
involved in the self association of P10 molecules (Alaoui-
Ismaili and Richardson, 1998) while it has been suggested that
the carboxy-terminus of P10 shows properties similar to those
of other microtubule-associated proteins (Van Oers and Vlak,
1997, Patmanidi et al., 2003). It is thus possible that the MT
association and the self-aggregation properties are encoded by
different parts of the P10 protein and can function
independently.
We suggest a possible function for the perinuclear networks
of P10 tubules however it is possible that the tubular aggregates
are nothing more than an artifact of the self-association
properties of the P10 coiled-coil domain, caused by an
excessive accumulation of P10, resulting in a deposition of
these aggregates in the cell body. Alternatively these perinuclear
aggregates may form a reservoir of P10 molecules that become
incorporated into the OBs on disruption of the nuclear
membrane.
Depolymerising the MT network results in a dramatic
increase in the number of P10-associated OB bundles. Like
those observed at 64 hpi in untreated cells infected with AcNPV
these OB bundles appear to lack a cytoplasm of their own but
are trapped under other cells or being engulfed by other cells.
Additionally they appear to posses less DNA (lower levels of
DAPI staining) suggesting their nuclear membrane has been
disrupted. How the transition from perinuclear aggregate to OB
association occurs by P10 and what its role is in infection is
unclear. It is clear though that the host MT network plays a
major role in determining the timing of this process. This
process and the role P10 plays in it needs to be further
examined, but we hypothesise that the MT network may
somehow stabilise the cell, giving the OBs time to fully form. It
has been shown that damaged MTs can induce apoptosis
(Calastretti et al., 2001). The P10 association with MTs may
somehow stabilise the MT network further. The effect of P10
deletion needs to be further characterised. These studies are
currently ongoing.
Historically P10 has always been associated with fibrous
structures both in the nucleus and the cytoplasm (Quant-
Russell et al., 1987; Van der Wilk et al., 1987). Because P10
has been ascribed roles in the morphogenesis of OBs (Vlak et
al., 1988) and the release of OBs by disruption of the nucleus
(Williams et al., 1989) many studies have focused on the
nuclear P10-associated structures. These appear to have an
intimate interaction with electron-dense structures called
spacers, thought to be the precursor of the envelope
surrounding OBs (Williams et al., 1989). We have shown
that in TN368 cells the majority of P10 is associated with
extensive cytoplasmic cytoskeletal-like structures, suggesting
that P10 has an important role outside the nucleus. These may
act as a scaffold for viral processes or may stabilise cellular
structures, such as MT bundles or the nuclear envelope,
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complete its replication process. During infection the nucleus
swells due to the added biomass of viral proteins and OBs. The
P10-associated cage or shell may stabilise the nucleus,
preventing nuclear disruption before the OBs have completely
matured. The Betabaculoviruses, most of which do not posses
a p10 homologue, induce nuclear disruption early in infection
(Walker et al., 1982).
Our observations have led us to reinterpret a number of
scanning electron microscopy studies carried out many years
ago on AcNPV-infected Mamestra brassica cells. Following
lysis, clusters of OBs surrounded by a matrix were observed
(Supplemental data, Fig. 7). This matrix, previously thought to
be remnants of the nuclear envelope, bears a striking similarity
to the P10 observed in this study. Transmission electron
microscopy studies by Vlak et al. (1988) also showed
cytoplasmic FBs located perinuclearly in a pattern similar to
the P10 cages we have observed. We suggest that these cages
may hold OBs together after liquefaction of the host caterpillar,
preventing them from being too widely disseminated in the
environment by wind or rain and giving them extra protection
from UV exposure and desiccation.
Bioinformatics of p10 gene sequences have revealed a low
level of sequence conservation. p10 Homologues do exhibit a
high degree of structural conservation. The main feature of P10
proteins is the presence of a coiled-coil domain characterised by
a number of heptad repeat regions shown to be essential and
sufficient for P10 filament formation (Dong et al., 2007, 2005).
The N-terminus preceding the coiled-coil domain displays an
uncharacteristically high degree of sequence homology com-
pared to the rest of the P10 protein. This sequence differs
significantly between type I and type II viruses but is highly
conserved within each group. This may be a recognition
sequence responsible for directing the aggregation with other
P10 molecules and may explain the observation that coinfection
of AcNPV, a type I Alphabaculovirus, and Spodoptera exigua
NPV, a type II Alphabaculovirus, resulted in preferential
aggregation between molecules of P10 from the same species
(Van Oers et al., 1994).
P10 is nonessential for viral replication both in vitro and
in vivo, however the presence of P10 orthologues in all
lepidopteran NPVs and in several non-NPV viruses infecting
lepidopteran hosts suggests that P10 plays an important role in
mediating viral transmission within their host populations.
There are preliminary data suggesting that disruption of P10
results in OBs with lower infectivity (unpublished data)
possibly due to aberrant OB formation. The intimate
interaction of P10 with OBs very late in infection indicates
that P10 forms an integral part of the OB structure. It seems
wasteful for a virus to invest in the production of large
amounts of the P10 protein only to keep it sequestered in the
cytoplasm if it only has an intranuclear function. The abundant
and complex nature of P10 distribution in the cytoplasm
suggests that it plays an important role in the cytoplasm as
well. More data on the behaviour of P10 during in vivo
infections of caterpillars will be needed to determine its role in
infection.Materials and methods
P10 bioinformatics
All sequences annotated as AcNPV p10 homologues in the
NCBI public sequence database were collected for bioinfor-
matic analysis. All the sequences used are listed in Table 1. An
alternative sequence for the AcNPV p10 published by Kuzio
et al. (1984) was also included (AcNPV Kuzio). The p10
sequence found in B. mori nucleopolyhedrovirus (BmNPV) has
a C-terminal deletion (Hu et al., 1994). This type of deletion can
detrimentally affect sequence alignment calculations. The
NCBI sequence database contains several BmNPV P10
sequences from different virus isolates. These were used to
generate a consensus C terminal sequence which was added to
the truncated BmNPV (BmNPV⁎) to minimise the effect of the
truncation. Because BmNPV sequences showed some variation
the sequence closest to the consensus (K1 isolate, accession
number AF247681) was also included in the bioinformatic
analysis as an alternative BmNPV sequence (BmNPV K1).
Sequence alignment and Bootstrapped neighbour-joining
trees of the amino acid sequences of all baculoviral p10
homologues were calculated using the ClustalX multiple
sequence alignment program. The Gonnet series protein weight
matrix was utilised along with default settings for all
parameters. Bootstrap values were calculated using 1000
iterations. Four iterations of the alignment were carried out
each time using the previously generated guide tree and
alignment as the input data, until the alignment had stabilised.
The phylogenic tree was drawn using the Treeview software
package. The sequence alignments were analysed using the
GeneDoc software package and sequence homology was
coloured using the Blosum 62 similarity matrix to calculate
degree of homology.
Cells and viruses
TN368 cells (Hink, 1970) were cultured in TC100 media
(Invitrogen) supplemented with 10% foetal bovine serum at
28 °C. Infections were set up using low passage AcNPV C6
amplified in IPLB-SF-21 cells grown in TC100 supplemented
with 10% foetal bovine serum. A previously described virus,
AcΔp10 (Patmanidi et al., 2003), was used as a negative control
for P10 expression.
Immunofluorescence and time course analysis of AcNPV
infection
TN368 cells were seeded onto sterile glass cover slips, no. 0
thickness 22-mm diameter, in 35-mm tissue culture dishes at a
concentration of 2.5×105 cells per dish and left to settle
overnight at room temperature. Cells were infected at a mul-
tiplicity of infection (MOI) of 5 plaque forming units per cell in
100 μl volumes for 1 h at room temperature before media were
added and cells placed at 28 °C for the required time.
Cells were washed in PBS before fixing at the required times.
Cells were fixed for 45 min at room temperature with 4%
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EGTA, pH 6.9. Before staining cells were permeabilised with
0.01% Triton X-100 in PBS with 2% bovine serum albumin for
10 min. MTs were stained using a commercial mouse anti α-
tubulin antibody (Sigma) and an anti-mouse secondary antibody
conjugated to TRITC (Sigma). P10 was stained using a pre-
viously described anti-P10 antibody raised in guinea pig
(Patmanidi et al., 2003) and an anti-guinea pig secondary
antibody conjugated to FITC (Sigma). Coverslips were
mounted onto either Cytifluor (Agar Scientific) or Vectashield
fluorescence microscopy mounting media with DAPI (Vector
Laboratories) to counterstain DNA.
Confocal microscopy and image processing
Confocal images were acquired at room temperature with a
Zeiss LSM 510 META confocal microscope using a ×63 mag-
nification oil immersion lens (numerical aperture of 1.4). 3D
reconstruction of image Z series (for projections and rotations of
imaged cells) was done using the LSM Image Browser software.
Final image enhancement was done with Adobe Photoshop.
MT depolymerisation studies
To achieve depolymerisation of the MT network cells were
treated either with nocodazole (Sigma, 10 mg/ml working stock
in DMSO) or colchicine (Sigma, 25 mg/ml working stock in
autoclaved double distilled water). Cells seeded onto glass
cover slips were treated with the chemical by replacing the
medium with fresh medium containing the desired concentra-
tion of nocodazole or colchicine and incubating them at 27 °C
for the required time. Nocodazole treatment was found to have a
minimal effect on the MT network of TN368 cells. The effective
concentration of colchicine was found to be 3 μg/ml, similar to
that used by Volkman and Zaal (1990). The state of the MT
network and the effect of its polymerisation were monitored by
immunofluorescence as described above. Colchicine containing
medium was replaced every 24 h to maintain the depolymeris-
ing effect. As controls cells were mock treated by replacing
medium with fresh media containing no colchicine at times
identical to the medium change of treated cells.
Quantitative studies were done to analyse the effect of MT
depolymerisation on the association of P10 with OBs. Cellular
nuclei, OBs and P10 association were monitored using a Zeiss
Axiovert inverted fluorescence microscope. Statistical analysis
and presentation of the results was done using SPSS (version 14
for windows) and Excell (version 2003, Microsoft) software
packages. Statistical significance of the results was determined
by unpaired two-tailed t-test.
Transient expression of P10
The p10 gene was cloned into the pXInsect commercial
insect cell expression vector using the Express Insect kit
(Invitrogen). The p10 gene was amplified by PCR from AcNPV
viral DNA purified by standard caesium chloride purification
protocols from budded virions (King and Possee, 1992) using
primers P10F1 (caccggatccatgtcaaagcctaacgtttt) and P10R1(ggatccgctagcttacttggaactgcgtttac). The p10 fragment was
cloned into the pENTR-D-Topo directional gateway shuttle
vector using the Topo cloning system (Invitrogen). Insert frag-
ment identity was confirmed by restriction enzyme analysis and
DNA sequencing. The p10 fragment was then subcloned into
the pXInsect-Dest38 Gateway destination vector by Gateway
cloning (Invitrogen) to produce the pXI-P10 plasmid expressing
the p10 gene under the control of the silk moth (B. mori) actin
promoter. An empty pXI vector was created by cutting out the
β-galactosidase (lacZ) gene from the pEXP38-βgal control
plasmid by restriction enzyme digest and religation. This vector
is identical to pXI-P10 except that it lacks the P10 coding region
and was used as a negative control during transfection ex-
periments. The pXI-ST-EYFP plasmid was also used as a
control. This plasmid is identical to the pXI plasmid but encodes
an enhanced yellow fluorescent protein (EYFP) marker.
Three micrograms of pXI, pXI-ST-EYFP or pXI-P10 was
transfected into TN368 cells, seeded as described for immuno-
fluorescence above, using Lipofectin reagent (Invitrogen).
Samples for immunofluorescence were fixed at 48 h post
transfection and stained as described above.
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